A general formulation is developed for determining the free energy of a Fermi gas contained in an arbitrary smooth external potential barrier and in a weak magnetic field, in the low-temperature lim-it. The %igner phase-space formalism of quantum mechanics is used as a calculational tool. Explicit formulas are given, which enable one to compute surface and temperature effects on various physical properties (susceptibility, specific heat, etc.} of the system. Some simple examples are constructed for the diamagnetic-susceptibility calculation, which show that the corrections depend on the form of the surface potential barrier and the size of the material, but, in general, they are small 0 in comparison with the dominant Landau result when the size is much larger than -100 A. The general formalism that we present can also be applied to other kinds of Fermi gas (for example, nucleons) contained in an external potential. For example, we show how the modified Thomas-Fermi theory may be extended to include temperature effects.
I. INTRODUCTION
The Landau diamagnetic susceptibility was obtained' by considering an electron gas confined in a very large box. Analytic expressions for this quantity were derived for a zero-temperature degenerate gas and for a hightemperature Boltzmann gas. ' Later the same system was reinvestigated by Dingle and formulas were obtained for a Fermi gas in both low-and high-temperature limits. In general, since the electrons are confined by some kind of surface potential barrier, one may expect changes from the Landau values due to the surface effect. The investigations of this question have been carried out by many authors in the past few decades.
The common point of those investigations is the consideration of simple specific models for the potential barrier. For example, Friedman used a one-dimensional finite well potential and also a harmonic potential.
In both cases he found that the surface effects were small. Here we shall pay particular attention to the work of Jennings and Bhaduri. ' They obtained a general expression for the diamagnetic susceptibility of electrons moving in a smooth potential barrier of arbitrary shape, for both a high-temperature Boltzmann gas and a zero-temperature degenerate gas. At the hightemperature limit, they were able to separate the Landau diamagnetic term from the surface -barrier-dependent correction terms and the latter decreased to zero faster than the Landau term as the temperature increases. For a zero-temperature degenerate gas, they also claimed a similar separation and a small surface correction but, as we shall see, this is not possible.
The results for a Fermi gas confined in a smooth arbitrary potential both (i) at high-temperature and (ii) at low-temperature (but nonzero) limits are still lacking. It is our purpose here to redress this situation.
Jancovici pointed out that when the one-component electron plasma (jellium) is considered the exchange effect can be very small when ( b/A, ) »1, where b =e /kT and A, =(2m' /kTrn)'~are the average distance of closest approach and the thermal de Broglie wavelength, respectively. The quantitative physical reason for this is that free particles can exchange only when they approach one another at a distance of the order of the de Broglie wavelength A, , which is small in the classical limit, and also the Coulomb repulsion inhibits such encounters. After explicit calculations by the path-integral method, and in the absence of a magnetic field, he was able to obtain analytic expressions for two-body exchange effects, which turned out to be indeed exponentially small when T~~5 X 104 K.
Similar methods were then employed in the low-and strong-magnetic field limits and the same conclusions were drawn. Thus we conclude that question (i) does not need to be considered and so we shall confine our attention to question (ii).
As we will see, at zero-and low-temperature limits the separation between the Landau term and the surfacebarrier-dependent term cannot be achieved in general. In fact, the surface corrections to magnetic susceptibility and specific heat can be as large as those of free-electron gas when the size of the material is small. We consider only weak magnetic fields (%co,~&kT, By expressing P(E) is a Taylor series in powers of
where g(Z) is Riemann's zeta function. The combination of Eqs. (4) and (9) gives the free energy at the low-temperature limit, with an arbitrary potential built in P (p, ) [by virtue of Eqs. (3) and (7) 
has been used to establish Eq. (23).
Then Eq. (13) B. Thomas potential No~we choose the one-dimensional perturbed hal~ion-ic potential, originally introduced by Thomas, U(y) = -, ' m~2y'+~X'. (41) at room temperature. The corresponding ratio in the case of the free-electron gas is about 10 From Eqs. (46) and (47) 
F =Fo+hy E,
and we obtain, to the order of (kTlpo), 
IV. SURFACE EFFECT ON THE SPECIFIC HEAT
The specific heat of a Fermi gas in the absence of an external potential has been discussed by many authors.
We now compute the correction terms due to the surface potential. 
we did for the diamagnetic susceptibility, can be carried out following the outline given by us.
Equations (37) and (56) give rise to the following question: Are these relations true for an arbitrary potential? The ai)swer would be yes, but with a factor which depends on the form of potential. To see this point, we compare Eqs. (18), (23), and (25) (55) we obtain Po Then we cast Eq. (59) into the following form:
=0.62 for Na.
V. CONCLUSIONS AND DISCUSSIONS
We have obtained analytic expressions for the free energy of a Fermi gas in the presence of an arbitrary smooth potential and a weak magnetic field in low-temperature limit. The formulas derived were then applied to calculate the surface and temperature corrections to the diamagnetic susceptibility. Detailed discussions for the susceptibility problem were given for various special choices of surface potential barrier.
In the harmonic barrier model, we have essentially assumed that every electron in the system is influenced by such a surface potential. This is true only when the size of the material is very small ( -100 A). In this case, the In the case we have considered, U= -2rnm r, it is readily verified that U(r))= 2) o.
Equations (64) and (65) 
where F, t =%duo -/st(po} and F = -t}) (ttto).
Proof. P(E) can be obtained by an inverse Laplace transform [see Eq. (23)] through a standard semicircle in the P plane, P(E) can then be expressed as a sum over all the residues of the integrand Z(P)eE~/P . All residues at nonzero singular points have the form G"(E)exp(iA,"E)or g"(E)iexp(iA, "E), where G"(E), Q" (E) 
